Growth inhibition and cell viability assays demonstrate that the histidine-rich polypeptides isolated from human parotid saliva are bacteriostatic and bactericidal for strains of Streptococcus mutans belonging to the serotype b and c classifications. Both inhibition of growth and cell division are enhanced by preincubation of bacteria with these polypeptides in low-ionic-strength buffers of acidic and neutral pH before dilution into enriched growth media. With prior exposure at pH 6.8, inhibition by these polypeptides of the serotype c strains, S. mutans GS5 and SB, as well as the serotype b strain, S. mutans BHT, is reversible over time under the experimental conditions selected. With similar exposure at pH 5.2, however, irreversible damage is manifested by complete inhibition of both growth and cell viability. At concentrations of 250 jxg of the mixture of histidine-rich polypeptides per 5 x 105 bacterial cells per ml in the acidic preincubation buffer, bacterial lethality is maintained for a period of 48 h in the enriched growth media. At a 50-,ug/ml concentration of these salivary agents, approximately 80% killing of S. mutans SB is noted after a 24-h incubation; however, surviving bacteria multiply and reach turbidities of untreated control cells when examined at the 48-h growth point. Similarly, hen egg white lysozyme is also found to be bactericidal for these microorganisms when preincubation is carried out under acidic conditions. However, in contrast to the histidine-rich polypeptides, lysozyme under these experimental conditions does not inhibit growth of S. mutans SB at neutral pH, although it does inhibit growth of both S. mutans BHT and S. mutans GS5 at this pH. Preexposure of S. mutans SB to the peptides in buffer at ionic strengths of 0.025 to 0.125, followed by either viability assays under nongrowing conditions or growth inhibition studies, suggests that there is very little effect of ionic strength on the antibacterial function of these peptides. In contrast to the inhibition of viability noted under growing conditions, lower concentrations of the histidine-rich polypeptides were required to elicit immediate cell death under nongrowing conditions. Previous investigations have suggested that the salivary histidine-rich polypeptides (HRPs) are related to each other by proteolytic degradation and that either one or three primary gene products are synthesized by the acinar cells of the salivary glands (3, 4, 39, 40). To date, however, a biological role has not been documented (1), although preliminary studies in different laboratories have suggested several possible functions for these polypeptides in the oral cavity. For example, Hay (18) isolated a highly purified HRP which was found to bind to hydroxyapatite and enamel surfaces. In the same year, Holbrook and Molan (21) reported on the isolation of a histidine-rich fraction from human parotid saliva which enhanced the glycolytic activity of oral bacteria. More recently, Gron and Hay (16) 
Previous investigations have suggested that the salivary histidine-rich polypeptides (HRPs) are related to each other by proteolytic degradation and that either one or three primary gene products are synthesized by the acinar cells of the salivary glands (3, 4, 39, 40) . To date, however, a biological role has not been documented (1), although preliminary studies in different laboratories have suggested several possible functions for these polypeptides in the oral cavity. For example, Hay (18) isolated a highly purified HRP which was found to bind to hydroxyapatite and enamel surfaces. In the same year, Holbrook and Molan (21) reported on the isolation of a histidine-rich fraction from human parotid saliva which enhanced the glycolytic activity of oral bacteria. More recently, Gron and Hay (16) have suggested that these cationic HRPs might bind phosphate ions and thereby prevent the precipitation of calcium phosphate salts from saliva.
Our hypothesis that the HRPs may have an important antibacterial function in the oral cavity (B. J. MacKay, V. J. Iacono, B. J. Baum, and J. J. Pollock, J. Dent. Res. 58: A257, 1979) emerged mainly from one line of reasoning. Most, if not all, strongly cationic agents from any source exhibit antimicrobial activity (5, 7, 20, 25, 27, 32, 33, 48, 49) . For example, lysosomal granules from the polymorphonuclear leukocytes of rabbits, cows, and humans have been shown to contain groups of cationic proteins which display microbicidal and membrane permeability effects against both gram-positive and gram-negative microorganisms (11, 34-36, * Corresponding author. 695 43, 52, 54) . No such experimental examination has ever been reported for the salivary HRPs. This study, therefore, provides the first information on an antibacterial role for these substances.
MATERIALS AND METHODS Biochemicals. Brain heart infusion broth, Todd-Hewitt (T-H) broth, mitis salivarius agar, tellurite, dextrose, and skim milk were purchased from Difco Laboratories, Detroit, Mich. GSTF filters were obtained from Millipore Corp., Bedford, Mass. Ammonium acetate was purchased from Fisher Scientific Co., Pittsburgh, Pa. 2-(N-Morpholino)-ethanesulfonic acid (MES) was procured from Calbiochem, La Jolla, Calif. Hen egg white lysozyme (HEWL; 3 x crystallized) and L-histidine (free base) were purchased from Sigma Chemical Co., St. Louis, Mo. Human lysozyme was isolated and purified from the urine of a chronic monocytic leukemia patient by immunoadsorption affinity chromatography (30) . The concentration of HEWL was determined from the extinction coefficient of EV9cm = 26.9 at 280 nm (29) .
Salivary HRPs. HRPs were isolated and purified as a mixture of polypeptides as described in the accompanying paper (31) . For biological assays, HRP stock solutions were prepared gravimetrically and sterilized through 0.22-,um GSTF membrane filters (Millipore Corp. (28) . The bactericidal effects of the HRP were also compared in T-H dialysate at the normal medium pH of 7.5 and at an acidic pH adjusted to 5.5, using glacial acetic acid. concentration of 2 p.g of HRP per ml in the growth media. The lag period for growth was extended for 3 to 4 h, although optical densities were the same as the controls after a period of 24 h. S. inutans GS5 was less sensitive, as higher final concentrations (10 pLg of HRP per ml) and longer preincubation times (2 and 4 h) were required to observe significant delays in the growth process (Fig. 2) ammonium acetate buffer containing L-histidine (100 pLg/ml) at an ionic strength of 0.025, pH 6.8, for various periods of time in the presence and absence of the HRPs (100 plg/ml for S. mutans BHT and 500 ,ug/ml for S. mutans GS5) or HEWL (100 ,ug/ml) before 50-fold dilution into T-H dialysate growth medium. Symbols: A, control cells of S. mutans BHT and GS5 without and with preincubation in buffer; x, final concentration of 2 ,g of HRP per ml in growth media after 1-h preincubation with S. mutans BHT; 0, final concentrations of 2 and 10 ,ug of HRP per ml after 2-h preincubation with S. mutans BHT and GS5, respectively; 0, final concentration of 10 ,ug of HRP per ml after 4-h preincubation with S. mutans GS5; O, final concentration of 2 ,ug of HEWL per ml in growth media.
RESULTS
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3A). However, as the cell concentration was progressively decreased 10-, 100-, and 1,000-fold, there was an increased effectiveness of the HRPs on bacterial growth (Fig. 3B , C, and D). At 5 x 105 bacterial cells per ml, a lag period difference of 4 h occurred between HRP-treated and control cells, although turbidities were comparable to those of the control after 24 h of incubation (Fig. 3D) .
Comparison of growth after preincubation of S. mutans SB with HRPs or HEWL at neutral and acidic pH. Table 1 indicates that the controls themselves were found to be delayed in their growth when preincubation was carried out in MES buffer, although controls did grow to maximum turbidities upon further incubation. Noteworthy is the fact that there was a dramatic difference in growth inhibition when S. mutans SB was exposed to HRPs or HEWL in ammonium acetate at neutral pH versus MES buffer at pH 5.2, both buffers being at the same ionic strength. Fig. 3A) .
Bactericidal activity of HRPs and HEWL for freshly grown S. mutans SB. The data in (Table 3) . DISCUSSION In early studies, Frostell (10) reported that selective oral microorganisms suspended in saline or Ringer solution lose viability over the course of an incubation period. Upon further investigation, it was found that the addition of Lhistidine to the salt solutions maintained the stability of the cell suspensions. In agreement with these early observations, we have noted that L-histidine stabilized the growth of three strains of S. mutans but did not interfere with the susceptibility of these microorganisms to the growth-inhibitory or bactericidal effects of either the human parotid HRPs or HEWL.
Our studies with the HRPs are the first to suggest an antibacterial role for these salivary components. The addition of the HRPs at neutral pH to the three S. mutans strains resulted in growth inhibition of all strains, although one of the strains, S. mutans SB, was not susceptible to HEWL at this pH. The latter finding, which we have previously reported (23) , suggests that differences exist in how the HRPs and HEWL inhibit bacterial growth. Although information is not currently available on the precise nature of the molecular mechanisms of antibacterial action, we have shown in detailed biochemical and electron microscopic studies that lysozyme both causes degradation of the cell wall peptidoglycan of S. mutans BHT (8, 14) and GS5 (55; Pollock et al., unpublished data) and binds to, damages, and alters the permeability of the cell membrane of these microorganisms (8, 15, 41; Pollock et al., unpublished data). In preliminary experiments we have further suggested that one site of the HRP attack is at the cell membrane (MacKay et al., J. Dent. Res. 58:A257, 1979).
The results obtained for HRP growth inhibition of S. mutans SB at neutral pH, like the damaging effects of lysozyme on the cell wall and cell membrane of S. mutans BHT and GS5, are apparently dependent on agent concentration or, perhaps more aptly, on the amount of antibacteri- al substance bound per critical antibacterial site(s). Decreasing the cell concentration increases the amount of HRP bound per cell which in turn further delays growth. However, some cells of each of the S. mutans strains, even with preincubation in neutral buffer for varying time periods, escape irreversible damage as optical densities reach control turbidities after 24 h of incubation. Escape of a percentage of the bacterial population from irreversible damage would seem to be a plausible explanation for the results obtained for preincubation at neutral pH even though viability studies were not carried out under these conditions. At acidic pH, this is also likely true, but the survival (22) of S. mutans SB is dependent on both the time of incubation and the intensity of exposure or concentration of the HRP. After 24 h of incubation in the growth media with prior 1-and 2-h preincubations of 5 x 105 cells per ml in acidic buffer, concentrations of 100 pig of HRP per ml are 90% bactericidal. But after 48 h, a concentration of 100 pig of HRP per ml is no longer effective and 250 ,ug of HRP is needed for irreversible damage.
Growth in an enriched medium such as T-H dialysate would normally permit rapid cell division and a balanced growth state. Damage incurred by the cells might therefore be expected to be repaired because of the availability of critical medium components (9, 37, 46) . Since the choice of growth medium, which becomes the recovery medium after antibacterial treatment, is important in reversal of damage (22, 42) , nutrient-deficient media which would give rise to an unbalanced growth state should favor cell death or at least an inhibition of growth (46) ; therefore, the HRP and lysozyme, which would be interacting with slowly growing bacteria in a nutrient-poor oral cavity (12) , might have significantly greater and more widespread antibacterial effects in vivo than reported here in these in vitro studies.
In the case of lysozyme, it is also active at the acidic pH. An explanation for differing pH effects based solely on the cationic nature of the HRPs and lysozyme may therefore be too simplistic, particularly since HEWL does not affect growth of this organism at neutral pH. At neutral pH, lysozyme is already highly positively charged (24) (6, 13, 17, 19, 26, 47) . Moreover, bacteriostatic, bactericidal, and bacteriolytic events have implicated the cell's endogenous peptidoglycan hydrolase enzymes, and agents such as penicillin (44, 45, 51) , lysozyme (14, 15, 53) , and RNase (53) have all been suggested to activate these cellular autolysins. This may also therefore be true for the HRP effects observed in these experiments. Unfortunately, autolysins of S. mutans have not been investigated in depth. Furthermore, it may be that these enzymes are most active at an acidic pH, coincidentally the pH found in carious lesions where HRP and lysozyme are also found, and apparently also are most active.
In these studies, antibacterial experiments included preincubation in low-ionic-strength buffers since saliva is normally of low ionic strength and is hypotonic relative to serum (28, 41) . The observed retention of bactericidal potency with increasing ionic strength, however, was unexpected since the antibacterial activity of cationic proteins has been reported to be abolished at high ionic strength (20) . Noteworthy is the fact that bactericidal effects were noted both in nonnutritive buffers and after growth in enriched media, leaving the intriguing possibility open that the HRPs may play an active antibacterial role in vivo in the oral cavity where balanced and unbalanced nutrient states are thought to exist. Also of note is that a caries resistance correlation with parotid fluid cationic proteins was documented almost 10 years ago by Balekjian and co-workers (2) . Although these investigators did not identify the cationic components, the electrophoretic migration of some of the proteins suggests a possible correlation with the HRPs. Further recent preliminary work in our laboratories (V. Iacono, B. MacKay, L. Denepitiya, J. Pollock, K. Petropoulou, and I. Mandel, J. Dent. Res. 62:A516, 1983) also suggests a direct correlation of these polypeptides with caries resistance.
Our understanding of the molecular mechanisms by which agents function to limit microbial populations is progressing slowly. Several factors may determine the outcome of an interaction of an antimicrobial agent and the cell. The mechanisms leading to growth inhibition, cell death, and bacteriolysis need not be the same for different antibacterial agents. Indeed, damage may be the result of indirect, rather than direct, effects. Moreover, the environment probably plays a crucial role in the effectiveness of a particular agent. This is significant with regard to the oral cavity, where variability rather than consistency is the norm.
